The structural, elastic, and electronic properties of ReN 2 are investigated by first-principles calculations with density functional theory. The obtained orthorhombic P bcn structure is energetically the most stable structure at ambient pressure. ReN 2 is a metallic, superincompressible solid and presents a rather elastic anisotropy. The estimated Debye temperature and hardness are 735 K and 17.1 GPa, respectively. Its estimated hardness is comparative to that of Si 3 N 4 .
I. INTRODUCTION
Transition metal nitrides are of great technological and fundamental importance because of their strength and durability as well as their useful optical, electronic, and magnetic properties. [1] By incorporating B, C, N, or O atoms into the interstitial sites of transition metals with highly valence electron density (VED), the compounds of transition metal with highly hardness and strong incompressibility can be synthesized by means of high pressure experiments. [2, 3] For these reasons, most recently, three transition metal dinitrides, PtN 2 , [1] IrN 2 , [4] and OsN 2 , [4] have been successfully synthesized under extreme conditions of pressure and temperature. Very large bulk moduli observed in experiments make them be candidates of superhard materials, which could be used in cutting tools and wear-resistant coatings.
Meanwhile, many theoretical investigations have been performed to explore their structures, for that the crystal structure is an important prerequisite of understanding their physical properties. The search for the structural forms of PtN 2 , OsN 2 and IrN 2 with the lowest energy and mechanical stability usually considers hypothetic structures of orthorhombic, tetragonal, hexagonal and cubic crystal lattice. The structures of PtN 2 and OsN 2 are indexed as cubic (pyrite structure, P a3) [1, 5] and orthorhombic (marcasite structure, P nnm). [6, 7, 8] While it is very difficult to determine the structure of IrN 2 in experiment because of the large intensity ratio (1:100) of X-ray diffraction peaks between nitride and pure metal. The firstprinciples calculations have shown that IrN 2 is monoclinic (CoSb 2 structure, P 2 1 /c). [8] As a neighbor of noble transition metal Os, the diboride of Re has been successfully synthesized, [3, 9] however the dinitride of Re to date has not been reported experimentally. Theoretically, Zhao et al suggested that ReN 2 with P 4 2 /mnm structure is thermodynamically stable at ambient conditions and up to 76 GPa. [10] Here, we readdress structural and elastic properties of ReN 2 and find that a new phase with P bcn symmetry is more stable than that with P 4 2 /mnm symmetry.
II. COMPUTATIONAL DETAILS
All calculations are performed by the CASTEP code [11] using ab initio pseudopotentials based on DFT with the exchange-correlation functional of Ceperley and Alder as parameterized by Perdw and Zunger (LDA-CAPZ). [12] All the possible structures concerned are opti-mized by the BFGS algorithm (proposed by Broyden, Fletcher, Goldfarb, and Shannon), [13] which provides a fast way of finding the lowest energy structure and supports cell optimization in the CASTEP code. The interaction between the ions and the valence electrons is described by using Vanderbilt's supersoft pseudopotential [14] . We used a plane wave cutoff of 310 eV and a Brillouin zone sampling grid spacing of 2π× 0. elastic constants analysis, four competing structures, i.e., P bcn, P 4 2 /mnm, P mmn, and F m3m, satisfy the mechanical stability critetion, [16, 17] in which the latter three phases have been discussed by Zhao et al. [10] The equilibrium volume V 0 and bulk modulus B 0 are determined by fitting the total energy as a function of volume to the 3rd-order Birch
Murnaghan equation of state (EOS).[18]
Our calculated equilibrium parameters (see Table I) show that the rutile (P 4 2 /mnm) and the Pbcn phases have larger equilibrium volumes than the fluorite (Fm3m) phase. From the calculated relative enthalpy ∆H, one can see that the
Pbcn phase is the most stable structure at zero pressure. In the optimized Pbcn structure, four rhenium atoms occupy 4c Wycknoff sites (y=0.1191) and eight N atoms hold 8d sites The enthalpy difference per formula unit (f.u.) as a function of pressure is plotted in Fig.   1 . We do not observe structural phase transition from P bcn phase to others up to 100 GPa.
It is interesting to notice that P bcn structure has been observed in experiment being the ground state of ReO 2 . [19] VED is defined as the total number of valence electron divided by volume per formula unit, which is an important factor when searching the superhard materials. The valence electron shell of Re is 6s 2 and 5d 5 , and that of N is 2s 2 p 3 so that the total number of valence electrons is 17 for ReN 2 . VED obtained in four phases (Table I) is slightly lower than that of Re metal (0.4761 electrons/Å 3 ) due to the adding of N atoms. High VED is good to resist the fracture, which contributes to high bulk pressure of ReN 2 ( Table I ), predicting that ReN 2 could be considered as a candidate of a superhard material.
B. Elastic property
The elastic constants of P bcn structure obtained from our calculations (c 11 =365 GPa, c 22 =553 GPa, c 33 =610 GPa, c 44 =138 GPa, c 55 =230 GPa, c 66 =83 GPa, c 12 =307 GPa, c 13 =232 GPa, c 23 =242 GPa) satisfy the mechanical stability requirement well, implying that the orthorhombic P bcn structure is mechanically stable. As is concluded above, ReN 2 has a very high bulk modulus, and therefore can be regarded as a candidate of a superhard material. However, a high bulk modulus by itself does not directly lead to high hardness. In general, both high bulk modulus and high shear modulus are indispensable to high hardness.
Therefore, the shear modulus must be taken into account when searching for new superhard materials. The bulk modulus represents the resistance to fracture, while the shear modulus represents the resistance to plastic deformation. Moreover, two other factors are important for technological and engineering applications: Young's modulus E and Poisson's ratio ν.
Young's modulus, defined as the ratio between stress and strain, is used to provide a measure of stiffness of the solid. The larger the value of E, the stiffer the material. The Young's modulus and Posson's ratio for an isotropic material are given by E = 9BG 3B+G
, ν =
3B−2G 2(3B+G)
, respectively, [15] where B and G represent Hill average bulk modulus and shear modulus.
The calculated bulk modulus B, shear modulus G, and Young's modulus E of ReN 2 with P bcn structure are 334 GPa, 127 GPa, and 337 GPa, respectively, of which the bulk modulus of ReN 2 is slightly smaller than that of Re metal (360 GPa). It is worthy to note that the bulk modulus obtained from the elastic constants agrees well with the one obtained through the fit to the 3rd-order Birch Murnaghan EOS (B 0 ), providing a consistent estimation of the compressibility for ReN 2 . Possion's ratio ν reflects the stability of a crystal against shear.
This ratio can formally take values between -1 and 0.5, which corresponds respectively to the lower limit where the material does not change its shape, or to the upper limit when the volume remains unchanged. Poisson's ratio of P bcn structure is 0.3319, which is larger than 0.3, indicating that there exists small volume change during elastic deformation. Also Possion's ratio provides more information on the characteristics of the bonding forces. It has been proved that ν=0.25 is the lower limit for central-force solids and 0.5 is the upper limit, which corresponds to infinite elastic anisotropy. The high value ν for ReN 2 means that the central interatomic forces are central. [20] In order to predict the brittle and ductile behavior of solids, Pugh introduced the ratio of the bulk modulus to shear modulus of polycrystalline phases. [21] A high (low) B /G value is associated with ductility (brittleness). The critical value which separates ductile and brittle materials is about 1.75. The significant difference obtained between bulk and shear modulus indicates the higher ductility of ReN 2 . Now, we turn to discuss the elastic anisotropy of ReN 2 , which is estimated by the universal anisotropy index A = 5
The discrepancy of A from zero determines the extent of single crystal anisotropy and accounts for both the shear and the bulk contributions. The , which is comparable to that of Si 3 N 4 (21±3 GPa). [25] It is well known that the hardness of superhard materials should be higher than 40 GPa, indicating that ReN 2 is not a superhard material. Jhi et al [26] proposed that the hardness is determined by elastic constant c 44 rather than shear modulus. In our case, we note that there is little difference between the c 44 value of elastic constant and shear modulus. Accordingly, both Teter estimation and
Jhi's viewpoint of hardness actually achieve a consistent result for ReN 2 .
C. Electronic property
In order to understand the nature of elastic property, the electronic density of states is also analyzed. The total and partial density of states (DOS) with respect to Fermi level is shown in Fig. 3 
IV. CONCLUSION
In conclusion, the most stable structure of ReN 2 is explored based on first-principles methods in the framework of density functional theory within local density approximation.
It results that orthorhombic P bcn structure is the most stable structure at ambient pressure. Fig.1 : Enthalpy difference per formula unit as a function of pressure. P 4 2 /mnm is taken as a reference point.
FIGURE CAPTIONS

Fig.2:
Fractional axis compression as a function of pressure for P bcn structure. 
